This work addresses the control and optimization of an industrial diesel hydrotreating unit (HDT) with MPC (Model Predictive Control). Initially, it is given a brief description of the diesel hydrotreating process, which is studied here and the requirements for the control system of this type of industrial plant are discussed. In order to best explore the capabilities of the MPC in the HDT unit a new MPC algorithm is proposed. In the controller considered here, the control objective function is extended with an economic objective that aims at to the increase of the conversion of the raw feed to the hydrotreated product, specially the most valuable streams, and to the minimization of catalyst degradation due to thermal instabilities. With the extended control objective, both control and optimization are performed simultaneously. In a simulation environment, it is shown that the proposed control algorithm is able to stabilize the industrial plant and to increase the profitability of its operation.
Introduction
Model Predictive Control (MPC), has been continuously developed and implemented in industry over the last 30 years, particularly in oil refining and petrochemical plants [1] . Thus, the implementation of such control strategy in an industrial process can no longer be considered a novelty in the process control field. Innovations are mainly concentrated in applying this tool to different industrial processes after the exhaustion of the most obvious targets for their use, such as fluidized catalytic cracking and crude distillation units.
For example, MPC controllers have been recently used in oil refining units in which the possibility of gains in their use was not previously seen. After further reconsideration, these processes were considered as possessing significant potential for gains in profitability, stability and safety through the design and implementation of new advanced control strategies. One such case is that of Diesel Hydrotreating Units, or HDT, which in recent years have been increasing in numbers due to new environmental standards and quality requirements for fuels.
In order to illustrate the possibilities of the use of MPC in HDT units, we will consider an algorithm that incorporates several nice features as guaranteed stability, robustness and integrated optimization. The basic ideas of the MPC with guaranteed stability was first presented in [2] in a seminal article that demonstrated that when the prediction horizon of the controlled variables tends to infinity, the system stability is guaranteed regardless of the tuning parameters that are used. This control algorithm was called the "Infinite Horizon Model Predictive Control" or IHMPC and basically consists in obtaining an equivalent finite horizon MPC through the introduction of a terminal weight which is obtained by the solution of a Lyapunov equation.
The controller proposed here is based on the model developed in [3] that presented an alternative to the step response process model but with a reduced set of parameters Instead of using extensive data vectors corresponding to the step response coefficients, in the proposed formulation, only the parameters of the transfer functions are required to generate state space models that exactly emulate the step responses.
In [5] it was developed an alternative formulation for the infinite horizon MPC based on the model presented in [3] . The main advantage of their approach over the controller developed in [2] , which was developed to the regulator case, is the extension to the output tracking case. The controller presented in [4] expanded the nominal stable IHMPC for integrating and time delayed processes. In [6] it was included the concept of "funnel" reference trajectories to the controlled outputs of the IHMPC. In [7] it was presented the optimizing model predictive control (OMPC) which was obtained through the inclusion of the reduced gradient of an economic objective in the control objective of the MPC. These controllers provide the foundations for the controller developed in this paper.
The paper is organized as follows. First a description of the hidrotreating process is given and it is listed the main constraints and economic objectives of the advanced control strategy. In section 3 is presented the mathematical formulation of control algorithms, including the optimization strategies. In section 4, a case study is simulated and the results are analyzed. Finally, the paper is concluded in section 5.
Description of the Hydrotreating Process
Meyers [8] describes hydrotreating as an oil refining process in which sulfur is removed from a process stream by passing this stream through a bed of catalyst in the presence of hydrogen. In this process, there is no significant reduction in the size of the molecular chains. The hydrotreating is also used to reduce the content of nitrogen compounds, to saturate olefins and to reduce the aromatic content. The sulfur is the easiest to remove, followed by removal of the nitrogen and the saturation of aromatics chains. The partial pressure of hydrogen is the key factor in this process and its required values vary according to the characteristics of process stream to be treated, that is, depends on the complexity of the molecular chains. For light hydrocarbon streams as naphtha from the atmospheric distillation, the required partial pressure of hydrogen ranges from 5 kgf/cm2 to 7 kgf/cm2, while for gasoil this pressure is in the range from 25 kgf/cm2 to 50 kgf/cm2
Hydrogen consumption ranges from 0 to 1.5 m3 H2/bbl for naphtha up to 10 m3 H2/bbl for heavy gasoil. A simplified flow chart of the hydrotreating process is shown below in fig.1 . The goal of the HDT process studied here is to treat oil streams in the diesel distillation range in order to add them to the refinery diesel pool. The hydrotreating will improve the following specifications of the diesel stream:
• Sulfur content; • Nitrogen content; • Cetane Index; • Chemical stability for storage.
The naphtha produced at fractionator, known as "wild naphtha", has a large content of H2S, is a by-product which cannot be incorporated in any product stream of the refinery. It can be reprocessed at another unit as crude distillation or catalytic cracking unit.
The hydrotreated product must meet the following specifications:
• Removal of more than 90% by weight of sulphur; • Stability testing as DuPont -F31; • Cetane index (ASTM D976) equal to 48 at least.
In the following situations it may be necessary to limit the feed of the HDT unit:
• Low partial pressure of H2 or low ratio H2/Hidrocarbon; • Suction pressure of the make-up compressor approaching the minimum; • Make up flow rate of H2 approaching the minimum.
The main operation objective of the HDT unit considered here is to maximize the amount of molecularly unstable streams, like LCO (UFCC's Light Cycle Oil) and cocker gasoil in the feed stream. These streams, which have a large sulphur concentration, cannot join the Diesel pool untreated. After being hydrotreated they become suitable to enter the diesel pool which represents a boost in the plant profitability.
Usually the refinery produces a total amount of unstable stream that is larger than the capacity of the HDT process unit. Therefore, the control and optimization objectives of the advanced control strategy can be defined as follows:
• Maximize the total amount of hydrocarbons streams processed by the unit; • Maximize the proportion of the unstable streams in the feed stream (LCO + Cocker Gasoil); • Coordinate the production of hydrogen in accordance with the requirements of HDT;
• Minimize the amount of H2 burned in the Flare; • Keep the concentration of sulfur in the diesel within specifications;
• Keep the temperature profile of the reactor catalyst beds within the specified limits.
IHMPC Controller with Funnel and Economic Optimization
The model presented here is similar to the one developed in [3] , which should be consulted for further reference. For a stable multivariable system with nu inputs and ny outputs, it can be considered that there will be a transfer function relating an output yi to each an input uj: Then, the output prediction at time step k can be obtained by summing the effects of all inputs and results in an expression as follows: 
and the matrices: For systems with time delay, it is convenient to define an auxiliary prediction horizon that encompasses all time delays or dead times of the various process inputs:
where m is the control horizon, T is the sample period and the matrix θ defined below shows the time delays of all system inputs:
The, the following extended state vector is defined for systems with time delay:
Equations (1) and (2) correspond to the time delay state space model of the incremental form in the inputs, which is quite suitable for the implementation of the MPC considered here. Unlike the conventional state space model, the model defined in (1) and (2) does not need the knowledge of the steady-state and the resulting MPC is offset free. 
In most of the MPC applications, the system outputs must be controlled inside well defined ranges or zones instead at fixed set-points [9] . Therefore, the error in a controlled output can be penalized with a null weight if the predictions of this output lie inside its control zone. If the output predictions lie outside the control zone, the error in terms of the border of the zone is penalized with a positive weight. A variation of the zone control is the introduction of a funnel, which is similar to a zone, except that it becomes narrower along the prediction horizon. The "funnel" is a concept whose goal is to soften the controller actions. Controlling outputs via funnels and zones, instead of specific trajectories, is a way to release degrees of freedom to the optimization.
The controller presented here will consider two alternative ways of meeting the optimization goals: external targets for the manipulated variables and the online optimization function built within the overall cost function of the controller, in a way similar to one proposed in [7] .
While it is not desirable to work simultaneously with online optimization function and external targets for the manipulated variables, since both serve the same purpose to optimize the process, it makes sense to provide both alternatives especially if a real time optimization (RTO) application is available. Should the RTO not converge and fail to provide inputs (targets) for the process, the online built-in function could take over and take charge of the optimization.
Therefore the controller considered in this study can accommodate both optimization strategies and one can easily disable the RTO optimization or the built in optimization by turning off their respective weight matrices and making the corresponding terms equal to zero in the control objective function. Then, the objective function that condensates all the presented features can be written as follows: The last term of the control objective function is the economic optimization term, which will now be briefly discussed (more details can be found in [7] ). The economic objective function associated with this term can be represented by a generic economic function of process inputs and outputs at steady-state:
In the unconstrained optimization of a convex objective, the optimum point corresponds to a point where the gradient of F is null. This means that we need to search for a point defined by the input u u + ∆ , where:
If a steady-state model of the process is available, the terms of equation (4) may be obtained as follows: 
In this way, it can be defined a function which represents the distance from of current state of the process to its economical optimum point:
where Kp is the process gain. Equation (5) written as:
Then, the control problem that defines the IHMPC that is proposed to the control of the HDT process system is the following:
, ,
subject to (3) and:
The above constraints to the control problem must be observed to ensure that the system response will bounded over the prediction horizon and the manipulated variables will not violate its restrictions.
Case Study -Simulation of Advanced Control of the HDT Process System
In order to evaluate the effectiveness of the IHMPC with economic objective developed in Section 2 in the control and real time optimization of HDT process unit, several simulation studies were carried out considering the Diesel HDT unit of the Petrobras refinery at Cubatão, Brazil. For this particular system, the following process variables were considered:
Controlled outputs: The transfer function model relating the above inputs and outputs are presented in Table 1 . This model was obtained through experimental tests in the real industrial plant. Other tuning parameters that were initially adopted in the controller are: In the simulation considered here, the HDT system starts from the steady-state defined above in which all the manipulated inputs are inside their operating bounds and the outputs are inside the control zones also defined above. Then, at time step k=2, the bounds of the control zones of outputs y1 and y2 are modified as follows: Since the economic objective is to maximize the amount of the unstable streams that are treated in the HDT unit, the new control zones of y1 and y2 leave some space to the increase of the total flow rate of the unstable streams that is represented by output y3 that was increased until its upper bound was reached. This was achieved through the increase of the flow rate of LCO (u2) as well as increasing the total feed flow to the HDT unit (u1). The fig. 3 shows that the increase of feed flow is limited by the availability of H2 that reaches its minimum bound (y4) while the system pressure (y5) is kept inside its control bounds. From fig. 6 , we observe that the infinite horizon MPC is capable continuously reduce the control objective function until a new set of output bounds is fed to the controller. In this case the bounds of the control zone of the sulfur content in the diesel (y2) product were increased, while the bounds on the reactor average temperature (y1) were both reduced. fig. 3 , shows that to achieve this new control goal, the controller kept increasing the total feed flow (u1), while the flow of unstable LCO (u2) could not be increased any further because the total feed flow of unstable stream y3 had already reached its upper bound. fig. 3 and 4 also shows that the temperatures at the inlet of the reactor beds (u3, u4, u5 and u6) were all significantly reduced since there is no need to keep the reaction conversion at the previous level as the content of sulfur in the product could be decreased and generated an over specified product with more H2 consumption. Observe from fig. 6 that after a slight increase in the control objective, it kept its tendency to decrease. 
Conclusion
In the present paper, we have studied the implementation of an advanced MPC in a diesel hydrotreating unit of an oil refinery. The MPC consider here has some nice features as infinite output prediction horizon and zone control of the system outputs. The infinite prediction horizon results in the nominal stability of the closed loop system and the zone control of the outputs release some degrees of freedom to the real time optimization of the process system. The optimization can be achieved following two approaches: in the first approach optimum input targets computed by an external optimizer are included in the control objective function through an additional term that penalizes the distance between the predicted input and the target; in the second approach to include process optimization in the controller precludes the presence of an external optimizer and the optimization is done through the inclusion in the control objective of a term that penalizes the gradient of the economic objective function. In extended version of the controller considered here the zone control of the outputs is extended with the inclusion of funnel trajectories to the outputs whose prediction is laying outside the respective control zones.
The simulations presented here showed that the advanced control structure of the HDT based on the proposed MPC performs quite well for the usual operating scenarios. The controller is capable to stabilize the system very smoothly and drive the process unit the most profitable conditions.
